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ABSTRACT
We investigate active galactic nuclei (AGN) candidates within the FourStar Galaxy
Evolution Survey (ZFOURGE) to determine the impact they have on star-formation in
their host galaxies. We first identify a population of radio, X-ray, and infrared-selected
AGN by cross-matching the deep Ks-band imaging of ZFOURGE with overlapping
multi-wavelength data. From this, we construct a mass-complete (log(M∗/M) ≥ 9.75),
AGN luminosity limited sample of 235 AGN hosts over z = 0.2 − 3.2. We compare
the rest-frame U − V versus V − J (UVJ) colours and specific star-formation rates
(sSFRs) of the AGN hosts to a mass-matched control sample of inactive (non-AGN)
galaxies. UVJ diagnostics reveal AGN tend to be hosted in a lower fraction of quiescent
galaxies and a higher fraction of dusty galaxies than the control sample. Using 160µm
Herschel PACS data, we find the mean specific star-formation rate of AGN hosts to be
elevated by 0.34±0.07 dex with respect to the control sample across all redshifts. This
offset is primarily driven by infrared-selected AGN, where the mean sSFR is found
to be elevated by as much as a factor of ∼5. The remaining population, comprised
predominantly of X-ray AGN hosts, is found mostly consistent with inactive galaxies,
exhibiting only a marginal elevation. We discuss scenarios that may explain these
findings and postulate that AGN are less likely to be a dominant mechanism for
moderating galaxy growth via quenching than has previously been suggested.
Key words: galaxies: active – galaxies: evolution – galaxies: high-redshift – X-rays:
galaxies – infrared: galaxies – radio continuum: galaxies
? This paper includes data gathered with the 6.5 meter Magellan
Telescopes located at Las Campanas Observatory, Chile. † E-mail: michael.cowley@students.mq.edu.au
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1 INTRODUCTION
There is mounting evidence demonstrating that supermas-
sive black holes (SMBHs) play a fundamental role in the
formation and evolution of galaxies over cosmic time. Pre-
vious work has found the mass of a SMBH is tightly cor-
related with various properties of its host’s hot spheroidal
bulge, including its luminosity (e.g. Kormendy & Richstone
1995; Graham 2007; Sani et al. 2011) mass (e.g. Magorrian
et al. 1998; Marconi & Hunt 2003; Beifiori et al. 2011) and
velocity dispersion (e.g. Gebhardt et al. 2000; Gu¨ltekin et al.
2009; Graham et al. 2011). During periods of rapid accre-
tion, the galactic nuclei of these systems can also release
an immense amount of energy into the surrounding environ-
ment of the host galaxy (e.g. Kormendy & Richstone 1995;
Magorrian et al. 1998). As a result, theoretical simulations
commonly invoke feedback from these active galactic nuclei
(AGN) outflows to regulate the star-formation activity of
galaxies (e.g. Ciotti & Ostriker 1997; Silk & Rees 1998; Cro-
ton et al. 2006). The inclusion of a negative feedback mecha-
nism helps resolve the overproduction of massive galaxies in
simulations by heating or driving out gas to suppress star-
formation. While observational evidence supports negative
feedback via AGN-driven outflows (e.g. Nesvadba et al. 2006;
Feruglio et al. 2010; Fischer et al. 2010), recent studies also
point to the possibility of AGN producing positive feedback,
whereby AGN outflows trigger star-formation by compress-
ing cold dense gas. (e.g. Silk & Norman 2009; Elbaz et al.
2009; Zinn et al. 2013).
In order to reconcile these contradictory outcomes, the
complex interplay between AGN activity and star-formation
must be examined. Early studies, which tried to achieve this,
relied on optical spectra to select AGN from large parent
samples of galaxies. The main drawback of this approach
was the restriction of low redshifts (z < 0.3; Ho 2005; Kim
et al. 2006; Salim et al. 2007). With cosmic AGN activity
peaking at a similar epoch to cosmic star-formation (z ∼ 2),
these studies potentially miss a key phase of AGN evolution.
More recent studies have pushed to higher redshifts by
taking advantage of X-ray emission, which is an effective
probe of AGN activity. Upon comparing X-ray AGN hosts
to mass-matched reference galaxies, these studies yield re-
sults suggesting only minor or no difference in star-formation
activity between the two samples (Xue et al. 2010; Santini
et al. 2012; Mullaney et al. 2011; Rosario et al. 2014). How-
ever, by relying on X-ray selected AGN, these studies may
also miss a key phase when AGN are hosted in dust-rich,
X-ray obscured galaxies (Sanders et al. 1988).
In this paper, we expand on this work by investigating
the empirical connection between AGN activity and star-
formation by selecting and analysing a diverse sample of
AGN across a broad range of obscuration levels over z =
0.2 − 3.2. Our parent sample is the deep Ks-band imaging of
ZFOURGE (Straatman et al. 2015, submitted), which not
only grants us access to all galaxies types, but also allows us
to probe to lower stellar masses and higher redshifts.
To identify AGN, we cross-match the Ks-band imaging
with radio, X-ray and infrared (IR) datasets to allow the
use of standard AGN selection techniques, and make use
of rest-frame UVJ colours to distinguish quiescent galaxies
from star-forming galaxies. To gauge star-formation activity,
we employ deep far-infrared (FIR) data (160µm) from the
Herschel Space Observatory. Our principal aim is to com-
pare AGN hosts with a mass-matched sample of inactive
galaxies, before discussing the implications of our results for
understanding the connection between star-formation and
AGN activity, as well as the impact AGN has on galaxy
evolution.
This paper is structured as follows. In Sections 2 and 3,
we describe the ZFOURGE and multi-wavelength data sets
and AGN sample construction, while in Section 4 we out-
line our methodology to construct a mass-matched sample of
inactive galaxies. In Section 5, we present our comparative
analysis, before discussing the results and their implications
in Section 6. Finally, we summarise our findings in Section
7.
Throughout this paper, we use an AB magnitude sys-
tem, a Chabrier (2003) IMF, and assume a ΛCDM cosmol-
ogy with H0 = 70 km s−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7.
2 ZFOURGE AND ANCILLARY DATA SETS
2.1 Galaxy Catalogues
Our parent sample is comprised of galaxies identified in
the ZFOURGE1 survey, which covers three 11’ x 11’ point-
ings in the CDFS (Giacconi et al. 2002), COSMOS (Scoville
et al. 2007) and UDS (Lawrence et al. 2007) legacy fields.
ZFOURGE uniquely employs deep near-IR imaging taken
with five medium-band filters on the FourStar imager (Pers-
son et al. 2013) mounted on the 6.5m Magellan Baade tele-
scope. The imaging reaches 5σ point-source limiting depths
of ∼26 AB mag in J1, J2, J3 and ∼25 AB mag in Hs, Hl, Ks
(Spitler et al. 2012). For galaxies at redshifts z = 1.5 − 4,
these filters bracket the rest-frame 4000A˚/Balmer breaks,
resulting in well-constrained photometric redshifts within
σ(z)/(1 + z) ≈ 1 − 2% (e.g. Kawinwanichakij et al. 2014).
ZFOURGE is supplemented with existing data from CAN-
DELS HST/WFC3/F160W (Grogin et al. 2011; Koekemoer
et al. 2011; Skelton et al. 2014) and Spitzer/IRAC, as well as
other ground-based imaging, to generate multi-wavelength
catalogues spanning 0.3 − 8 µm. Fluxes at wavelengths of
the Infrared Array Camera (IRAC; Fazio et al. 2004), 3.6,
4.5, 6.8, and 8.0 µm are measured using the deblending ap-
proach described in Labbe´ et al. (2006). For further details
on the acquisition, data reduction, and bands used to con-
struct the ZFOURGE catalogues, see Tomczak et al. (2014)
and Straatman et al. (2015, submitted).
2.2 Radio Data
Following Rees et al. (2015), we cross-match ZFOURGE
with published radio sources based on overlapping data from
the Very Large Array (VLA). We use the VLA 1.4 GHz
Survey of the Extended Chandra Deep Field South: Second
Data Release of Miller et al. (2013) for the ZFOURGE-
CDFS field, the VLA-COSMOS Survey IV Deep Data
and Joint catalogue of Schinnerer et al. (2010) for the
1 http://zfourge.tamu.edu
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ZFOURGE-COSMOS field, and the Subaru/XMM-Newton
Deep Field-I 100 µJy catalogue of Simpson et al. (2006) for
the ZFOURGE-UDS field. The minimum root-mean-square
(RMS) sensitivity for each survey is 6, 10 and 100 µJy/beam,
respectively. Upon correcting for systematic astrometric off-
sets in each field, radio sources are cross-matched within a
radius of 1′′ of their Ks-band counterparts. Of the 286 radio
sources that overlap with the ZFOURGE fields, 264 were
cross-matched with a Ks-band counterpart. We visually in-
spect the remaining 22 sources and find 2 in the ZFOURGE-
COSMOS field were missed due to confusion from complex
extended structures (i.e. radio jets), with their recorded po-
sition offset from the galaxy core. The remaining 20 sources
are considered candidate IR faint radio sources (IRFS; Nor-
ris et al. 2006), with a visual inspection yielding no identifi-
able counterparts in the Ks-band images. Considering this, a
total of 266 radio counterparts are found in the ZFOURGE
Ks-band images (∼92% of all overlapping radio sources), with
119 in CDFS, 116 in COSMOS, and 31 in UDS.
2.3 X-Ray Data
We cross-match ZFOURGE with published X-ray sources
based on overlapping data from the Chandra and XMM-
Newton space observatories. We use the Chandra Deep Field-
South Survey: 4 Ms Source catalogue of Xue et al. (2011)
for the ZFOURGE-CDFS field (X11 henceforth), the Chan-
dra COSMOS Survey I. Overview and Point Source cata-
logue of Elvis et al. (2009) for the ZFOURGE-COSMOS field
(E09 henceforth), and the Subaru/XMM-Newton Deep Sur-
vey III. X-Ray Data of Ueda et al. (2008) for the ZFOURGE-
UDS field (U08 henceforth). The on-axis limiting flux in the
soft and hard bands for each survey is 9.1 × 10−18 and 5.5 ×
10−17 erg cm−2 s−1, 1.9×10−16 and 7.3×10−16 erg cm−2 s−1, and
6.0 × 10−16 and 3.0 × 10−15 erg cm−2 s−1, respectively. Upon
correcting for systematic position offsets in each field, X-ray
sources are cross-matched within a radius of 4′′ of their Ks-
band counterparts. Of the 683 X-ray sources that overlap
with the ZFOURGE fields, 545 (∼80%) are found within 1′′
of a Ks-band counterpart. A further 47 sources (∼7%) at >1′′
are added after a visual inspection of both the X-ray and Ks-
band imaging confirmed no confusion from multiple sources
within the matching radius. The remaining 91 sources yield
no further matches with no visible counterparts identifiable.
Considering this, a total of 592 X-ray counterparts are found
in the ZFOURGE Ks-band images (∼87% of all overlapping
X-ray sources), with 422 in CDFS, 93 in COSMOS, and 77
in UDS.
2.4 Far-infrared Data
We make use of overlapping Spitzer/MIPS and Her-
schel/PACS FIR imaging. The data used in this study are
from 24 and 160 µm photometry. We use imaging from the
GOODS Spitzer Legacy program (PI: M. Dickinson) and
GOODS-H (Elbaz et al. 2011) for the ZFOURGE-CDFS
field, S-COSMOS Spitzer Legacy program (PI: D. Sanders)
and CANDELS-H (Inami et al. 2015, in prep) for the
ZFOURGE-COSMOS field, and SpUDS Spitzer Legacy pro-
gram (PI: J. Dunlop) and CANDELS-H for the ZFOURGE-
UDS field. The median 1σ flux uncertainties for each sur-
vey is ∼10 µJy in COSMOS and UDS, and 3.9 µJy in
CDFS. Photometry from this data are produced using Multi-
Resolution Object PHotometry oN Galaxy Observations
(MOPHONGO) code written by I. Labbe´ (for further de-
tails, see Labbe´ et al. 2006; Fumagalli et al. 2014; Whitaker
et al. 2014).
2.5 Photometric Redshifts, Rest-frame Colors,
Stellar Masses and Star-Formation Rates
The photometric redshifts and rest-frame colours of galax-
ies in ZFOURGE are calculated using the public SED-fitting
code, EAZY (Brammer et al. 2008). EAZY uses a default set of 5
templates generated from the PE´GASE library (Fioc & Rocca-
Volmerange 1997), plus an additional dust-reddened tem-
plate from Maraston (2005). Linear combinations of these
templates are fit to the observed 0.3 − 8 µm photometry for
estimating redshifts. Stellar masses are calculated by fitting
Bruzual & Charlot (2003) stellar population synthesis mod-
els using FAST (Kriek et al. 2009), assuming solar metallicity,
a Calzetti et al. (2000) dust extinction law (with AV = 0−4),
a Chabrier (2003) initial mass function (IMF) and exponen-
tially declining star-formation histories of the form SFR(t)
∝ e−t/τ, where t is the time since the onset of star-formation
and τ (varied over log[τ/yr] = 7 − 11) modulates the declin-
ing function. Star-formation rates (SFRs) are calculated by
considering both the rest-frame UV emission from massive
unobscured stars and the re-radiated IR emission from dust
obscured stars. The combined UV and IR luminosities (LUV
and LIR) are then converted to SFRs (Ψ) using the calibra-
tion from Bell et al. (2005), scaled to a Chabrier (2003) IMF:
ΨIR+UV[M yr−1] = 1.09 × 10−10(3.3LUV + LIR) (1)
where LUV=νLν,2800 is an estimate of the integrated 1216-
3000A˚ rest-frame UV luminosity, derived from EAZY, and LIR
is the bolometric 8-1000µm IR luminosity calculated from
a luminosity-independent conversion (Wuyts et al. 2008,
2011) using PACS 160µm fluxes. For stacked measurements,
we consider all sources, including those with zero or nega-
tive 160µm fluxes. This ensures our samples are not biased
against quiescent galaxies or those with low SFRs. A com-
parison of our 160µm fluxes to that of the PACS Evolution-
ary Probe survey (Lutz et al. 2011) reveals good correspon-
dence, with a median offset of ∆mag ∼ 0.20. The quality of
other derived galaxy parameters are explored in more depth
in the ZFOURGE survey paper Straatman et al. (2015, sub-
mitted).
For all galaxies, whether active or inactive, we use ‘pure’
galaxy templates in our SED fits, without consideration of
an AGN component. Some studies adopt a single power-law
template in an effort to decompose the combined SED into
AGN and host galaxy components (e.g. Hao et al. 2005;
Bongiorno et al. 2013; Rovilos et al. 2014). Though popular,
it is unknown if such a broad approach would be effective
on our diverse sample of AGN. We acknowledge potential
contamination from AGN and adopt various tests to check
for the effects on photometric redshifts (Section 2.6) and
other derived galaxy properties when presenting our results
(Section 5.3).
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Figure 1. Comparison of photometric and spectroscopic redshifts
for our radio (green diamonds), X-ray (blue squares) and IR (red
circles) AGN hosts. The solid line is the zphot = zspec relation, the
dashed lines are zphot = 0.05 ± (1 + zspec) and the dotted lines are
zphot = 0.15 ± (1 + zspec). AGN Hosts outside of the dotted lines are
defined as outliers.
2.6 Reliability of AGN Photometric Redshifts
AGN emission is known to complicate the computation of
photometric redshifts (e.g. MacDonald & Bernstein 2010),
which can ultimately impact the derivation of rest frame
colours and stellar population properties. In order to test the
accuracy of our AGN sample (see Section 3 for AGN clas-
sifications), we compare the sample’s photometric redshifts
from ZFOURGE to a secure sample of publicly available
spectroscopic redshifts sourced from the compilation of the
3D-HST (Skelton et al. 2014) and ZFIRE (Nanayakkara et
al. 2015, submitted) surveys. We use the Normalised Median
Absolute Deviation (NMAD) to calculate scatter:
σNMAD = 1.48 ×median
( |∆z −median(∆z)|
1 + zspec
)
(2)
where ∆z = zphot − zspec. From the 500 AGN hosts identified
in ZFOURGE, we find 136 cross-matches with reliable spec-
troscopic redshifts. Figure 1 shows a relatively small number
of AGN hosts with photometric redshifts very different from
the spectroscopic value. These outliers (defined here to have
|∆z|/
(
1 + zspec
)
> 0.15) make up 7.40% of our sample and are
subsequently ejected. Assuming the remainder of the AGN
population has a similar outlier fraction, there is potential
for an additional 27 AGN in our sample to have unreliable
redshifts. Indeed, we visually inspect the SEDs of those AGN
lacking a spectroscopic counterpart and manually eject 14
(3.85%) with questionable fits. The accuracy of photomet-
ric redshifts for our AGN hosts is σNMAD = 0.023, which is
only slightly higher than the general ZFOURGE population
(σNMAD = 0.018; Tomczak et al. 2014).
The strong correspondence between the photometric
and spectroscopic redshifts in ZFOURGE is attributed to
the efficient way the ZFOURGE medium-band filters trace
the 4000A˚/Balmer breaks, which is driven by stellar light.
Despite this, it remains possible that restframe optical AGN
emission can increase the uncertainty of the photometric
redshifts. For obscured (i.e. Type-2) AGN, several studies
have demonstrated contamination to host galaxy proper-
ties is negligible (Silverman et al. 2009; Schawinski et al.
2010; Xue et al. 2010). However, the AGN population in this
work may also contain luminous, unobscured (i.e. Type-1)
AGN, which may impact SED fits. To quantify how many
of these might be in our sample, we search for objects (at
all redshifts) with rest-frame UVJ colours ±0.5 mag around
a SWIRE Type-1 QSO template (Polletta et al. 2007). We
find 23 sources (∼ 4% of the parent AGN population) with
these colours. A visual inspection of their SEDs reveal a
sound fit to photometry, resulting in a photometric redshift
with low error. Given this, we retain these sources in the
parent AGN population. For our comparative analysis (Sec-
tion 5.1), we select a mass and luminosity limited subsample
from the parent AGN population (Section 4). Only 1 of the
23 sources with QSO colours is selected in this subsample.
3 MULTI-WAVELENGTH AGN SELECTION
The diverse and complex interactions between an AGN and
its host galaxy make constructing a thorough and unbiased
sample a formidable task. Variations in luminosity, morphol-
ogy, orientation and dust obscuration dictate the need for a
multi-wavelength, multi-technique approach. For example,
while optical and X-ray selection techniques are both highly
efficient, they break down when AGN hosts are heavily ob-
scured by large amounts of gas and dust (e.g. Lacy et al.
2006; Eckart et al. 2009). On the other hand, radio and IR
selection techniques are relatively immune to dust extinc-
tion, but galaxies with copious amounts of star-formation
can contaminate a sample (e.g. Condon et al. 2002; Donley
et al. 2005). In this section, we describe our approach to min-
imise such bias by constructing a robust AGN sample from
multi-wavelength data. We restrict the sample to sources
over z = 0.2 − 3.2 with clean photometric detections in the
ZFOURGE catalogues (e.g. near star and low-signal-to-noise
flags). Further details of the ZFOURGE quality control flags
will be presented in Straatman et al. 2015, submitted.
3.1 Radio AGN Selection
The accretion of material onto a supermassive black hole
is known to produce nuclear radio emission, collimated into
relativistic jets that propagate perpendicular to the plane
of the accretion disc. While the detection of such radio-
emitting jets unmistakably implies the presence of AGN,
radio emission can also be caused by star-formation. As a
result, radio detections at redshifts beyond the observable jet
structure require alternative means for discriminating AGN
hosts from inactive, star-forming galaxies. To achieve this,
we use the Radio-AGN Activity Index of Rees et al. (2015).
Briefly, this takes advantage of the tight correlation observed
between a galaxy’s radio (synchrotron) and IR (thermal)
emissions (Helou et al. 1985), which Moric´ et al. (2010) found
holds for a diverse range of galaxies over a broad redshift.
The exception was radio AGN, which presented a discernible
MNRAS 000, 1–16 (2015)
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Figure 2. The Radio AGN Activity Index (see equation 3) for
all radio sources in ZFOURGE. The evolution of the Wuyts
et al. (2008) average star-forming SED template, calculated from
160µm fluxes, is shown by the red line. The grey shaded region
represents the 3σ 0.39 dex scatter found in the local radio-FIR
correlation (Moric´ et al. 2010). Rees et al. (2015) adopt a conser-
vative cut above this region (SFRRAD/SFRIR+UV > 3; crosshatched
region) to select radio AGN (green diamonds). Sources that lack
a reliable (> 3σ) 160µm detection are given 3σ limits (arrows).
offset from the correlation. The Radio-AGN Activity Index,
which operates in SFR space, exploits this offset by assum-
ing SFRRADIO = SFRIR+UV if 100% of the radio emission origi-
nates from star-formation. Sources with excess SFRRADIO are
identified as radio AGN:
SFRRADIO/SFRIR+UV = Radio AGN Activity Index > 3 (3)
The inclusion of UV emission accounts for the possibility
of radio star-forming galaxies with low dust, which would
otherwise produce an excess in SFRRAD and be misclassified
as radio AGN. To calculate radio SFRs, we first make use
of the cross-matched photometric redshifts from ZFOURGE
and apply radio K-corrections to estimate rest-frame radio
luminosities using:
LRADIO[W Hz−1] = 4pid2l (1 + z)
−(α+1) fRADIO (4)
where dl is the luminosity distance in cm, fRAD is the ob-
served radio flux in W m−2 Hz−1, and α is the radio spectral
index2, which we fix to α = −0.3 as found in the Wuyts et al.
(2008) average star-forming SED template. While this spec-
tral index is flatter than the standard α = −0.7, it is adopted
to ensure consistency with the Wuyts et al. (2008) SED tem-
plate, which is also used to derive IR SFRs. The difference
between the two index values is one less source identified as
a radio AGN under α = −0.7.
Using the rest-frame radio luminosities, radio SFRs are
2 The radio spectral index, α is defined from S ν ∝ να, where S is
the measured flux density and ν is the observer’s frame frequency
then calculated using the calibration from Bell (2003), scaled
to a Chabrier (2003) IMF:
ΨRADIO[M yr−1] = 3.18 × 10−22LRADIO (5)
As shown in Figure 2, the Radio-AGN Activity Index leads
to the identification of 67 radio sources dominated by AGN
activity in ZFOURGE, with 20 in CDFS, 32 in COSMOS,
and 15 in UDS.
3.2 X-ray AGN Selection
While radio surveys pioneered the way for AGN research
(e.g. Baade & Minkowski 1954; Schmidt 1963; Schmidt &
Matthews 1964), the launch of Chandra and XMM-Newton
heralded in a new era of sensitive, deep X-ray surveys, of-
fering an effective alternative to select AGN. These surveys
have found that X-ray emission from sources at high Galac-
tic latitudes are predominantly AGN (e.g. Watson et al.
2001) and routinely outshine the highest star-forming galax-
ies (∼ 1042 erg s−1; e.g. Moran et al. 1999; Lira et al. 2002).
While this provides an excellent discriminator for AGN se-
lection, heavy obscuration by dense circumnuclear gas can
prove problematic. One way to account for this is by exam-
ining the hardness ratio (HR) of a source, which is defined
as the normalised difference of counts in the soft and hard
X-ray bands, (hard - soft)/(hard + soft). The HR allows an
estimate of absorption in the X-ray band, where obscured
AGN are expected to exhibit a harder spectrum than un-
obscured AGN due to the absorption of soft X-rays by ob-
scuring gas (Szokoly et al. 2004). Considering this, we select
X-ray AGN using both the X-ray luminosity and HR of a
source.
We first start with the cross-matched photometric red-
shifts from ZFOURGE and apply X-ray K-corrections to es-
timate rest-frame luminosities using:
LX[erg s−1] = 4pid2l (1 + z)
Γ−2 fx (6)
where dl is the luminosity distance in cm, fx is the observed
X-ray flux in erg cm−2 s−1, and Γ is the photon index of the
X-ray spectrum, which was fixed to a typical galaxy photon
index3 of Γ = 1.4. For sources in the X11 catalogue, the
intrinsic flux is derived from counts in the 0.5-8 keV full
band, while for the E09 and U08 catalogues it is derived
from the sum of the counts in the relevant bands over 0.5-
10 keV. We adjusted flux values calculated in the E09 and
U08 catalogues to align with the full bandpass values of the
X11 catalogues (0.5-10 → 0.5-8 keV) assuming a power-law
model of Γ = 1.4 (i.e. E09 and U08 fluxes are multiplied
by a factor of 0.95). We then use the selection technique of
Szokoly et al. (2004) to select X-ray AGN:
LX ≥ 1041erg s−1 & HR > −0.2
LX ≥ 1042erg s−1 & HR ≤ −0.2 (7)
The luminosity threshold is lower for sources with a stronger
HR on account of substantial absorption. In the absence
of a HR measurement, we only select sources with Lx ≥
1042erg s−1. As shown in Figure 3, this approach leads to
the identification of 270 X-ray sources dominated by AGN
3 The photon index, Γ is related to the number of incoming pho-
tons as a function of energy E, dN(E)/dE ∝ E−Γ
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Figure 3. X-ray rest-frame luminosity as a function of redshift
for all X-ray sources in ZFOURGE. All sources above 1042 ergs s−1
(upper crosshatched region; Szokoly et al. 2004) are identified as
AGN (blue squares), while only sources with a HR > -0.2 down to
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identified as AGN. The approximate luminosity limits for each
field are indicated by the red dashed curves.
activity in ZFOURGE, with 187 in CDFS, 57 in COSMOS,
and 26 in UDS.
3.3 Infrared AGN Selection
Despite the efficiency of AGN selection in X-ray surveys, an
imbalance in the cosmic X-ray background budget suggests
an additional population of heavily obscured AGN are be-
ing missed (Comastri et al. 1995; Gilli et al. 2001, 2007). IR
observations offer an effective way to identify these AGN by
virtue of dust radiating the reprocessed nuclear emission in
the mid-IR regime (Sanders et al. 1988, 1989). Such emis-
sion is evident by the changing shape of a galaxy’s SED,
where an increase in AGN activity also leads to a dilution
in the strength of Polycyclic Aromatic Hydrocarbon (PAH)
emissions features formed by ultraviolet excitation typical
in star-forming regions (Brandl et al. 2006). The mid-IR
is then dominated by the thermal continuum (e.g. Neuge-
bauer et al. 1979; Heisler & De Robertis 1999). A number of
IRAC colour-colour diagnostics have been designed to select
AGN by taking advantage of this process (e.g. Lacy et al.
2006; Stern et al. 2005; Donley et al. 2012). The choice of
diagnostic depends on the science being conducted as each
has a particular level of completeness and reliability, with
one often dominating in favour of the other (e.g. Barmby
et al. 2006; Donley et al. 2007; Messias et al. 2012). Un-
fortunately, with increasing redshift, the IRAC bands be-
gin to probe shorter rest-frame wavelengths and eventually
trace the 1.6 µm stellar bump of a galaxy’s SED, which can
mimic the AGN thermal continuum. As a result, diagnos-
tics limited to IRAC colours become ineffective at z & 2.5
and rapidly introduce contaminants into the selection. Mes-
sias et al. (2012) investigated this and found by extending
the use of IRAC to additional wavebands, they could reli-
ably select AGN over a broader redshift range. Specifically,
the authors proposed two colour diagnostics, Ks + IRAC at
lower redshifts (z = 0−2.5) and IRAC + 24 µm at higher red-
shifts (z = 1−4). We adopt these diagnostics with the added
condition sources have a 5σ detection limit in all relevant
bands to reduce scatter. To match the redshift bins used in
our analysis (see Section 4.1), we select IR AGN based on
the following constraints:
z < 1.8
Ks − [4.5] > 0[4.5] − [8.0] > 0 (8)
z > 1.8
[8.0] − [24] > 2.9 × ([4.5] − [8.0]) + 2.8[8.0] − [24] > 0.5 (9)
As shown in Figure 4, this approach leads to the identi-
fication of 234 IR sources dominated by AGN activity in
ZFOURGE, with 66 in CDFS, 50 in COSMOS, and 118 in
UDS.
3.4 Summary of AGN Samples
We illustrate the relative size and overlap between the AGN
samples in Figure 5 (right panel). Overlap arises from the
complex and broad emission of AGN spectra and emphasises
that our samples are not wholly independent and not simply
relegated to either a radio, X-ray or IR selection bin. Despite
this, the relative size of the overlap is comparable to previous
studies that have performed multi-wavelgth AGN selection
(Hickox et al. 2009; Juneau et al. 2013). Like these studies,
we find the overlap between radio and X-ray AGN hosts is
low, while the overlap between IR and X-ray AGN hosts is
significantly larger. Of the 500 AGN identified, 54 are found
to overlap in one or more wavebands, with 5 identified in all
three. For this work, overlapping AGN are treated as inde-
pendent sources (i.e. 5 sources: a radio, X-ray and IR AGN)
unless measurements are made on the combined AGN sam-
ple, in which case they are treated as a single source. We
summarise the columns of the complete AGN dataset in Ta-
ble 4, which provides all host galaxy parameters used to
select AGN in ZFOURGE. In Figure 5, we display the stel-
lar mass and Ks-band distributions, along with the popula-
tion numbers by way of a Venn diagram. This dataset acts
as a complementary catalogue to the primary ZFOURGE
catalogues. An amended version will be made available at
http://zfourge.tamu.edu upon the full public release of
ZFOURGE.
4 MASS-LIMITED SAMPLE
In this section, we extract AGN hosts from the catalogue of
candidates selected in Section 3 with the goal of constructing
a mass-matched, inactive sample of galaxies (control sample)
to compare star-formation activity between AGN hosts and
inactive galaxies. Selection is based on redshift, stellar mass
and luminosity limits, with the goal of minimising bias on
host galaxy properties. Given the shallow X-ray and radio
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Figure 4. The Messias et al. (2012) Ks + IRAC (left) and IRAC + 24 µm (right) infrared colour-colour space for all IR sources within
ZFOURGE. Sources that fall within the cross-hatched regions are considered AGN dominated (red circles). Overplotted are the redshift-
dependent spectral tracks for a selection of active (hybrid, QSO1 and QSO2) and inactive (starburst, spiral and elliptical) galaxies from
the Swire Templates (Polletta et al. 2007). The dashed portion of the tracks represents z = 0 − 1.8 and the solid portion z = 1.8 − 4.
Table 1. Luminosity limits of mass-limited AGN sample
Waveband L1.4GHz LX L1IR zmin zmax NAGN
2
(W Hz−1) (erg s−1)
Radio 1.0 × 1023 - - 0.2 0.8 10
6.0 × 1023 - - 0.8 1.8 11
1.9 × 1024 - - 1.8 3.2 5
X-ray - 4.0 × 1041 - 0.2 0.8 31
- 2.0 × 1042 - 0.8 1.8 60
- 7.0 × 1042 - 1.8 3.2 50
Infrared - - 6.0 × 1027 0.2 0.8 7
- - 3.0 × 1028 0.8 1.8 39
- - 1.0 × 1027 1.8 3.2 22
1 LIR = L8µm at z = 0.2 − 1.8 and L24µm at z = 1.8 − 3.2
2 Number of AGN hosts within the specified limits
data used to select AGN hosts in ZFOURGE-UDS, this field
will be excluded from the comparative analysis.
4.1 Redshift, Mass and Luminosity Cuts
To overcome the potential bias associated with Ks-band se-
lected galaxies, we limit our sample of AGN hosts to a
stellar-mass cut of log(M∗/M) ≥ 9.75, which sits above
the 80% completeness limit of ZFOURGE (Papovich et al.
2015), as shown in Figure 5 (left panel). We apply further
restrictions by splitting the AGN sample into three redshift
bins of z = [0.2-0.8], [0.8-1.8], [1.8-3.2], each with varying lu-
minosity limits based on the luminosity thresholds of their
respective wavebands (i.e. L1.4GHz, LX and LIR). These lim-
its are summarised in Table 1 and while they reduce AGN
numbers and restrict comparison across redshifts, they min-
imise potential luminosity biases by ensuring a consistent
luminosity-completeness within each redshift bin.
4.2 Control Sample of inactive Galaxies
Tight correlations exist between the physical properties of
galaxies and their stellar mass (e.g. Tremonti et al., 2004,
mass-metallicty and Noeske et al., 2007, mass-star-formation
rate). This makes constructing a mass-matched control sam-
ple of inactive galaxies an essential component for our com-
parative analysis. Without this consideration, even a mass-
limited sample would be dominated by galaxies just above
the mass threshold, potentially biasing any comparison. We
construct our mass-matched control sample by binning in-
active galaxies into narrow mass intervals of ∆M∗ = 0.2 dex.
For each AGN host, we randomly select an inactive
galaxy from the same redshift bin (z = [0.2-0.8], [0.8-1.8]
or [1.8-3.2]) and of similar mass, within ∆M∗. For example,
a z = 0.74 radio AGN host with log(M∗/M) = 10.87 has
112 inactive analogues from which to draw from. We then
calculate and record a mean value for various physical prop-
erties of the selected control inactive galaxy (i.e. rest-frame
colour, stellar mass and star-formation rate) and repeat for
the next AGN host until we have a control sample with the
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Figure 5. Stellar mass (left) and Ks-band magnitude (middle) as a function of redshift for our radio (green diamonds), X-ray (blue
squares) and IR (red circles) AGN hosts, along with the parent sample from ZFOURGE (grey circles). The red dotted line in the left plot
represents the 80% mass-completeness limit in ZFOURGE, while the black dashed line is the stellar mass cut of log(M∗/M) ≥ 9.75. The
Venn diagram (right) shows the relative number of AGN identified in radio (green), X-ray (blue) and IR (red) wavebands. The overlapping
regions between samples correspond to the relative numbers selected in multiple wavebands. Note that these numbers correspond to the
complete AGN candidate catalogue detailed in Section 3. For clarity, only 1/3rd of the parent sample is plotted.
same number of galaxies as the AGN sample. We gener-
ate 100 such independent control samples, which we use to
compute a final mean control value for each physical prop-
erty. The distribution of various physical properties for the
mass-limited sample of AGN and control sample of inactive
galaxies is shown in Figure 6.
5 RESULTS
5.1 Comparison of Rest-frame Colours
Examining the rest-frame UVJ colours of galaxies has be-
come a common approach to distinguish a quiescent pop-
ulation from a star-forming one, including those exhibiting
heavy extinction (e.g. Labbe´ et al. 2005; Wuyts et al. 2007;
Williams et al. 2009). Referring to the top panel in Figure 7,
quiescent galaxies occupy the upper left region, delimited by
the vertices (V − J,U − V) = (−∞, 1.3), (0.85, 1.3), (1.6, 1.95),
(1.6,+∞), while the vertical dashed-line (V − J = 1.2) sepa-
rates non-dusty (lower left) from dusty star-forming galaxies
(Spitler et al. 2014).
Within this figure, we examine the UVJ colour space of
our mass-limited AGN hosts and control sample of inactive
galaxies. In the lowest redshift bin (z = 0.2−0.8), we find the
UVJ colours of each subsample of AGN, identified in radio,
X-ray or IR, to be consistent with a distinct galaxy popula-
tion. IR AGN are found exclusively in star-forming galaxies,
radio AGN in quiescent galaxies, and X-ray AGN in both
quiescent (29.0% ± 8.2%) and star-forming hosts. However,
at higher redshifts (z > 0.8), the trend weakens and the dis-
tribution of UVJ colours scatter to the point where all AGN
are predominantly found in the colour space of star-forming
hosts (radio AGN; 57.1%±13.2%, X-ray AGN; 79.0%±4.1%,
IR AGN; 91.2%± 3.8%), mirroring the behaviour of the con-
trol sample of galaxies.
When comparing the distribution of UVJ colours be-
tween AGN hosts and the control sample, the two are found
to be qualitatively similar at all redshifts, with slight differ-
ences in the peak of their distributions. To accentuate these
differences and examine their impact, we compare the quies-
cent fraction ( fq = Nq/(Nq +Nsf)) and dusty star-former frac-
tion ( fdusty = Ndusty/Nsf) of both samples in Figure 7 (lower
panels). While low numbers in the radio AGN population
hinder the ability to produce statistically significant results,
offsets are observed between the IR and X-ray AGN hosts
and their respective control samples. For both populations
over all redshifts, the dusty fraction is found to be slightly el-
evated over the control samples, while the quiescent fraction
is lower.
Together, all panels in Figure 7 reveal no significant
differences between the UVJ colours of our AGN and control
samples, with the exception that the AGN hosts tend to
be more dusty and hosted in a lower fraction of quiescent
galaxies. In the following section, we explore these results
in further detail by quantitatively gauging the difference in
star-formation activity between both samples.
5.2 Comparison of Star-Formation Activity
We now focus on the star-formation activity in our mass-
limited AGN hosts and how they compare to the control
sample of inactive galaxies. We use specific star-formation
rate (sSFR) as a measure of the relative strength of star-
formation activity, which is a galaxy’s SFR normalised by
the mass of its stars (ΨIR+UV/M∗). In Figure 8, we show the
mean sSFR against stellar mass for our AGN hosts and con-
trol sample in bins of redshift. The mean sSFR is found to
decrease with increasing stellar mass for all sources, with
slight offsets observed between the AGN hosts and control
sample. AGN hosts exhibit an elevation over the control
MNRAS 000, 1–16 (2015)
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galaxies (top row, hatched), control sample of inactive galaxies (bottom row, hatched), and luminosity limited AGN hosts (solid orange
line) in ZFOURGE.
sample, with an average logarithmic offset (linear average of
the difference between the logarithmic sSFRs) for the com-
bined mass bins of 0.26± 0.14 dex at z = 0.2− 0.8, 0.37± 0.10
dex at z = 0.8 − 1.8, and 0.38 ± 0.10 dex at z = 1.8 − 3.2 (see
Table 2 for more details).
To better understand the source of this offset, we split
the AGN population by detection technique (i.e. radio, X-
ray and infrared). In Figure 9, the mean sSFR of each sub-
sample of AGN hosts, along with their respective control
sample is shown. It can be seen that each subsample ex-
hibits an elevated level of sSFR over their control samples,
with the exception of low-redshift radio AGN hosts. For each
subsample, the elevation is found to increase with redshift.
This elevation is found to be consistently high and signifi-
cant for IR AGN (0.48 ± 0.21 dex; z = 0.2 − 0.8, 0.50 ± 0.12
dex; z = 0.8−1.8, 0.72±0.13 dex; z = 1.8−3.2), but lower and
insignificant for X-ray AGN (0.15 ± 0.13 dex; z = 0.2 − 0.8,
0.21 ± 0.13 dex; z = 0.8 − 1.8, 0.25 ± 0.16 dex; z = 1.8 − 3.2).
While high redshift radio AGN hosts (z > 0.8) also present
an elevated sSFR over the control sample, low number statis-
tics impact its significance (−0.53 ± 0.20 dex; z = 0.2 − 0.8,
0.57± 0.20 dex; z = 0.8− 1.8, 0.55± 0.32 dex; z = 1.8− 3.2 (see
Table 3 for more details).
5.3 AGN Contamination
As discussed in Section 2.5, there is potential for AGN con-
tamination to impact galaxy properties used in this analysis.
The first is our SFRs, which are derived from a combina-
tion of UV and IR luminosities and may contain a mixed
contribution of light from stars and AGN. We first exam-
ine the impact to the UV by removing the UV contribution
to the SFRs of the AGN sample and recalculating our re-
sults. We find the offsets increase an average of 0.01 dex
in each redshift bin, suggesting there is negligible impact
from AGN contamination in the UV regime. If we assume
contamination to the IR regime wholly explains the eleva-
tion of star-formation activity observed in our AGN sample,
the contribution from AGN emission would need to be in
excess of ∼ 25%. However, the FIR regime is thought to be
mostly immune to the effects of AGN (e.g. Netzer et al. 2007;
Mullaney et al. 2011), which is the primary motivation for
employing PACs-based SFRs.
The other potential impact is AGN contamination to
stellar masses. Ciesla et al. (2015) inspected this by omit-
ting an AGN component while performing SED fitting on a
range of Type-I, intermediate type, and Type-II AGN and
comparing the measured stellar mass to the true value. Their
results showed contamination from a Type-I AGN can lead
to an overestimation in mass by as much as 150%. The con-
tamination from intermediate and Type-II, believed to dom-
inate the sample in this study, was overestimated by ∼ 50%.
We examine the most extreme of these cases (150% overes-
timation) and how it impacts our results. We first reduce
the mass of our AGN population and then re-sample our
mass-matched control sample of inactive galaxies. We find
the total average logarithmic offset between active and in-
active galaxies to decrease from 0.34± 0.07 dex to 0.25± 0.07
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Figure 7. (Top) The rest-frame UVJ colour classification of galaxies in bins of redshift (z = 0.2 − 0.8; left, z = 0.8 − 1.8; middle and
z = 1.8 − 3.2; right). The points represent the mass-limited (log(M∗/M) ≥ 9.75) AGN hosts selected via radio (green diamonds), X-ray
(blue squares) and IR (red circles) techniques. A representation of the control sample is shown by the grey-scale density plot in each
panel. The solid line divides the population into quiescent and star-forming hosts, while the dashed line further divides the star-forming
population into dusty and non-dusty galaxies. (Lower-left) The quiescent fraction (Nq/(Nq + Nsf )) and (lower-right) dusty star-former
fraction (Ndusty/Nsf) for the mass-limited AGN hosts (closed markers) and the control sample (open markers) at z = 0.2 − 0.8 (diamond
markers), z = 0.8 − 1.8 (circle markers) and z = 1.8 − 3.2 (square markers). Values are derived from the UVJ colour classification. Vertical
error bars indicate the 1σ Clopper-Pearson confidence intervals. Unless shown, error bars are smaller than the plotting symbols for the
control sample.
Table 2. Mean sSFR (Gyr−1) values by redshift bin (rows) for AGN hosts and the control in bins of stellar mass (cols)
AGN Hosts Control Sample
Redshift 109.75−10.25M 1010.25−10.75M 1010.75−11.25M 109.75−10.25M 1010.25−10.75M 1010.75−11.25M
z = 0.2 − 0.8 0.79±0.39 0.70±0.25 0.06±0.02 0.50±0.02 0.29±0.01 0.06±0.01
σ = 0.19 σ = 0.21 σ = 0.01 σ = 0.11 σ = 0.06 σ = 0.02
z = 0.8 − 1.5 2.68±0.64 1.48±0.52 0.43±0.13 1.33±0.03 0.58±0.01 0.20±0.01
σ = 1.39 σ = 0.60 σ = 0.14 σ = 0.28 σ = 0.09 σ = 0.05
z = 1.5 − 2.5 8.42±2.83 5.57±1.54 1.09±0.34 3.55±0.20 2.05±0.05 0.93±0.03
σ = 2.52 σ = 2.40 σ = 0.49 σ = 1.16 σ = 0.39 σ = 0.19
Notes. Uncertainties are from a bootstrap analysis. Dispersions around the mean (σ) on quantities are median absolute deviations
(MAD).
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Figure 8. The mean specific star-formation rate (SFR/M∗) as a
function of stellar mass for the mass-limited (log(M∗/M) ≥ 9.75)
AGN hosts (solid lines) and the control sample (dashed lines)
at z = 0.2 − 0.8 (diamond markers), z = 0.8 − 1.8 (circle markers)
and z = 1.8 − 3.2 (square markers). Error bars indicate the 68%
confidence intervals evaluated from a bootstrap analysis. Unless
shown, error bars are smaller than the plotting symbols for the
control sample. The stellar mass of markers are offset for better
visibility. With the exception of the highest mass bins at low and
high redshifts, AGN hosts show an elevated level of star-formation
activity with respect to the control sample of inactive galaxies.
dex. Since the masses of AGN hosts are only ever overesti-
mated by the SED fits, any sSFR discrepancy is considered
to be a minor effect, if this systematic is present.
6 DISCUSSION
While numerous studies have examined the difference be-
tween star-formation activity in AGN hosts and inactive
galaxies, their results tend to be conflicting. Earlier stud-
ies, which were often limited to low-redshifts, low sample
sizes, and no control or crudely matched comparison sam-
ples, predominantly found suppressed star-formation activ-
ity in AGN hosts (e.g. Ho 2005; Kim et al. 2006; Salim
et al. 2007). However, with improved selection techniques
and deeper observations, recent findings have found their
star-formation activity is more similar or even elevated over
inactive galaxies (Xue et al. 2010; Mullaney et al. 2011;
Juneau et al. 2013). By implementing multiple AGN selec-
tion techniques and pushing to higher redshifts with deep
multi-wavelength data, the present work supports the lat-
ter.
Predominantly, we find that all AGN hosts exhibit
a slight elevation in star-formation activity over inactive
galaxies. This elevation is consistent across all redshifts, but
less pronounced at high stellar mass. The exception to this
elevation is low-redshift, radio AGN. As seen in Figure 7, this
population is found to be exclusively hosted by quenched
galaxies, which exhibit a lower level of star-formation ac-
tivity than their mass-matched, inactive counterparts (see
Table 3). For early studies, limited to low-redshifts, this was
well established (e.g. Matthews et al. 1964), and possibly
led to an early perception that AGN are associated with
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Figure 9. The mean specific star-formation rate, split by AGN
class (IR, X-ray and radio) for the mass-limited (log(M∗/M) ≥
9.75) AGN hosts (closed markers) and the control sample (open
markers) at z = 0.2 − 0.8 (diamond markers), z = 0.8 − 1.8 (circle
markers) and z = 1.8 − 3.2 (square markers). Error bars indicate
the 68% confidence intervals evaluated from a bootstrap analysis.
Unless shown, error bars are smaller than the plotting symbols
for the control sample. With the exception of low-redshift Radio
AGN, all AGN hosts show an elevated level of star-formation
activity, at all redshifts, with respect to their control sample of
inactive galaxies.
quenched, elliptical galaxies. Unlike infrared and high red-
shift (z > 0.8) radio AGN hosts, which exhibit a strong eleva-
tion in star-formation over their respective control samples,
we find the offset for galaxies hosting X-ray AGN to be only
marginal. Recent studies, while different in their approach,
tend to find similar results. For example, in Bongiorno et al.
(2013), the authors found their sample of type-II AGN to
have, on average, the same or slightly lower SFRs than
inactive galaxies of the same mass and redshift. Mullaney
et al. (2015) find the same, but compare their AGN sample
to a main-sequence of star-forming galaxies. While we find
slightly higher star-formation in X-ray AGN hosts, this can
possibly be explained away by our different approach and
selection effects (i.e., our star-formation estimates, mass, lu-
minosity and redshift cuts). That being said, the overarching
theme is consistent between all of these recent studies - the
star-formation activity of X-ray AGN hosts is mostly con-
sistent with normal galaxies.
While the elevated levels of star-formation in X-ray
AGN is at best marginal, the offset between IR AGN and
the control sample is explicit. The mean sSFR for IR AGN
hosts is found to be as much as ∼5 times higher, suggest-
ing there exists a stronger link between IR AGN and its
host, than in other types of AGN. Such an analysis has not
been accomplished before at high-redshifts due to concerns
of AGN contamination in sSFR estimates. However, we mit-
igate against this effect by employing 160µm derived SFRs,
which is believed to be predominantly free from AGN activ-
ity.
UVJ diagnostics reveal that different AGN types (i.e.
radio, X-ray or IR) are hosted by galaxies with different stel-
lar properties at low redshift. This is consistent with studies
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Table 3. Mean sSFR (Gyr−1) values by redshift bin (rows) for IR, X-ray and radio AGN hosts and their respective control samples (cols)
AGN Hosts Control Sample
Redshift IR Active X-ray Active Radio Active IR inactive X-ray inactive Radio inactive
z = 0.2 − 0.8 1.57±0.68 0.43±0.12 0.04±0.01 0.52±0.02 0.31±0.01 0.12±0.01
σ = 0.19 σ = 0.14 σ = 0.01 σ = 0.16 σ = 0.05 σ = 0.05
z = 0.8 − 1.5 2.74±0.64 1.24±0.34 1.18±0.49 0.87±0.02 0.77±0.02 0.32±0.01
σ = 1.18 σ = 0.40 σ = 0.39 σ = 0.15 σ = 0.10 σ = 0.10
z = 1.5 − 2.5 10.56±2.75 3.45±1.20 8.23±5.37 2.02±0.08 1.96±0.05 2.30±0.19
σ = 3.15 σ = 1.04 σ = 2.48 σ = 0.52 σ = 0.36 σ = 1.02
Notes. Uncertainties are from a bootstrap analysis. Dispersions around the mean (σ) on quantities are median absolute deviations
(MAD).
that have examined the evolution of multi-wavelength AGN,
where they’re found to evolve with galaxies in the sequence
of dusty IR AGN → unobscured X-ray AGN → early-type
galaxy with intermittent radio AGN (Hopkins et al. 2006;
Hickox et al. 2009; Goulding et al. 2014). This scenario is
also supported by Figure 9, where our IR AGN exhibit a
star-formation level consistent with young galaxies, radio
AGN with quenched galaxies, and X-ray AGN straddling
between the two. However, we find this trend weakens at
higher redshifts (z & 0.8), where all AGN are predominantly
found to reside in star-forming galaxies, including our high-
redshift radio AGN population. This being said, we remind
the reader that a comparison between redshifts is inconclu-
sive given the different luminosity depths used during AGN
selection. Despite this, our result is supported by the recent
findings of Rees et al. (2015) who find the majority of radio
AGN at z > 1.5 are hosted by star-forming galaxies. Such re-
sults contradict the before-mentioned perception that AGN
hosts are traditionally viewed as quenched, elliptical galax-
ies.
As found in Figure 7, the UVJ colours also reveal AGN
hosts tend to be dustier than the control sample of galax-
ies. Similar to the offsets in star-formation, this is primar-
ily driven by IR AGN, while for X-ray AGN the difference
is marginal. These findings further support the scenario of
an evolutionary sequence of dusty IR AGN → unobscured
X-ray AGN, where copious amounts of gas and dust can
fuel both a period of high star-formation and AGN before
it begins to exhaust, star-formation slows, and X-rays from
the AGN can shine through. Previous studies, which have
examined star-formation activity in AGN hosts, commonly
invoke a major merger scenario to interpret the finding of
elevated star-formation over inactive galaxies (Santini et al.
2012; Rosario et al. 2012; Juneau et al. 2013). In such a sce-
nario, gas is driven to the central regions of merging galax-
ies, fuelling both a period of starburst and AGN activity.
Merger driven elevations of star-formation activity has also
been postulated to occur in Ultra-Luminous IR Galaxies and
high-redshift submillimeter galaxies (Pope et al. 2013).
Another possible explanation is that positive feedback
from AGN activity triggers a flash of star-formation, which
could lead to the elevated sSFRs seen in our AGN sam-
ple. A number of studies have shown observationally that
AGN activity enhances star-formation in both radiatively
efficient (e.g. Santini et al. 2012) and inefficient AGN (e.g.
Karouzos et al. 2014) and is commonly explained by grav-
itationally collapsed cold gas resulting from AGN outflows,
such as jets and accretion disk winds. Invoking this scenario
would address the elevation of star-formation activity seen
in our radio, X-ray and IR AGN hosts, but also leave the
door open for the eventual quenching of star-formation from
AGN negative feedback − as seen in low-redshift radio AGN
hosts.
While star-formation suppression is still required to re-
duce the over-predicted abundance of massive galaxies in
models, we see no direct evidence AGN contributes to this
suppression. Indeed, findings from recent simulations sug-
gest that while AGN in isolated star-forming galaxies can
remove substantial amounts of gas, this does not translate
to a rapid quenching of star-formation (Gabor & Bournaud
2014; Roos et al. 2015). Despite our inability to isolate a
cause, the fact our AGN population exhibits a similar to
slightly elevated level of star-formation activity over most of
cosmic time − and not a suppressed one − calls into question
the significance of AGN quenching as a major mechanism for
moderating galaxy growth.
7 SUMMARY AND CONCLUSION
In this paper, we have utilised high-quality ground-based
imaging from ZFOURGE in combination with ancillary data
to select radio, X-ray and IR AGN hosts out to high redshifts
(z = 0.2 − 3.2). The deep imaging of ZFOURGE further pro-
vides us with host galaxy properties, including rest-frame
colours, low stellar masses and accurate photometric red-
shifts. We maximise completeness by limiting our sample by
mass, luminosity and redshift before conducting a detailed
analysis of the rest-frame UVJ colours and star-formation
activity of AGN hosts. We also create a control sample of
mass-matched, inactive galaxies in order to isolate the im-
pact of AGN activity on star-formation. As discussed in Sec-
tion 5.3, one of the uncertainties in this study (and all such
studies) is conceivably the impact of AGN emission in the
measurement of host galaxy properties. We assumed this im-
pact is negligible, but it is difficult to test this assumption
more rigorously. Our main findings are as follows:
(i) Radio, X-ray and IR-selected AGN hosts exhibit rest-
frame UVJ colours consistent with distinct galaxy popula-
tions. IR AGN tend to favour star-forming galaxies, radio
AGN favour quiescent galaxies, and X-ray AGN straddle be-
tween the two. However, this distinction becomes blurred at
higher redshifts (z & 1.8), where all AGN favour star-forming
hosts.
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(ii) The UVJ diagnostics also reveal AGN have a higher
dusty star-former fraction (Ndusty/Nsf) and lower quiescent
fraction (Nq/(Nq+Nsf)) when compared to the control sample
of inactive galaxies.
(iii) The star-formation activity (mean sSFR) of all AGN
hosts tends to be elevated over inactive galaxies (average
logarithmic offsets of 0.26±0.14 dex at z = 0.2−0.8, 0.37±0.10
dex at z = 0.8 − 1.8, and 0.38 ± 0.10 dex at z = 1.8 − 3.2).
(iv) The star-formation activity (mean sSFR) of the split
sample of radio, X-ray and IR AGN hosts is predominantly
elevated over their respective control sample of inactive
galaxies. IR AGN hosts exhibit an explicit and consistent
∼ 0.57 dex elevation, X-ray AGN hosts a marginal ∼ 0.21
dex elevation, while radio AGN hosts flip from a lower mean
sSFR (−0.53±0.20 dex; z = 0.2−0.8) to higher level (0.55±0.32
dex; z = 1.8 − 3.2) at high redshift.
(v) One possibility for the elevated star-formation is that
these AGN hosts are mergers where cold gas fuels both a
period of starburst and AGN activity. Though not explored
here, this scenario may be tested by comparing the mor-
phologies determined from the existing HST imaging of these
fields.
Australian access to the Magellan Telescopes was sup-
ported through the National Collaborative Research Infras-
tructure Strategy of the Australian Federal Government.
Additional scientific results are based in part on observa-
tions taken by the CANDELS Multi-Cycle Treasury Pro-
gram with the NASA/ESA HST, operated by the Associ-
ation of Universities for Research in Astronomy, Inc., un-
der NASA contract NAS5-26555; XMM-Newton, an ESA
science mission with instruments and contributions directly
funded by ESA Member States and NASA; the Chandra X-
ray Observatory; and the National Radio Astronomy Obser-
vatory’s Very Large Array, a facility of the National Science
Foundation operated under cooperative agreement by As-
sociated Universities, Inc. KG acknowledges support from
ARC Grant DP1094370. SJ acknowledges support from the
European Research Council via Stg-257720. GGK acknowl-
edges from the Australian Research Council through the
award of a Future Fellowship (FT140100933). We acknowl-
edge support from Texas A&M University and the George
P. and Cynthia Woods Mitchell Institute for Fundamental
Physics and Astronomy.
REFERENCES
Baade W., Minkowski R., 1954, ApJ, 119, 215
Barmby P., et al., 2006, ApJ, 642, 126
Beifiori A., Courteau S., Corsini E. M., Zhu Y., 2011, MNRAS,
419, 2497
Bell E. F., 2003, ApJ, 586, 794
Bell E. F., et al., 2005, ApJ, 625, 23
Bongiorno A., et al., 2013, MNRAS, 427, 3103
Brammer G. B., Van Dokkum P. G., Coppi P., 2008, ApJ, 686,
1503
Brandl B. R., et al., 2006, ApJ, 653, 1129
Bruzual G., Charlot S., 2003, MNRAS, 344, 1000
Calzetti D., Armus L., Bohlin R. C., Kinney A. L., Koornneef J.,
Storchi Bergmann T., 2000, ApJ, 533, 682
Chabrier G., 2003, PASP, 115, 763
Ciesla L., et al., 2015, A&A, 576, A10
Ciotti L., Ostriker J. P., 1997, ApJ, 487, L105
Comastri A., Setti G., Zamorani G., Hasinger G., 1995, A&A,
296, 1
Condon J. J., Cotton W. D., Broderick J. J., 2002, AJ, 124, 675
Croton D. J., et al., 2006, MNRAS, 365, 11
Donley J. L., Rieke G. H., Rigby J. R., Pe´rez-Gonza´lez P. G.,
2005, ApJ, 634, 169
Donley J. L., Rieke G. H., Pe´rez-Gonza´lez P. G., Rigby J. R.,
Alonso-Herrero A., 2007, ApJ, 660, 167
Donley J. L., et al., 2012, ApJ, 748, 142
Eckart M. E., McGreer I. D., Stern D., Harrison F. A., Helfand
D. J., 2009, ApJ, 708, 584
Elbaz D., Jahnke K., Pantin E., Le Borgne D., Letawe G., 2009,
A&A, 507, 1359
Elbaz D., et al., 2011, A&A, 533, A119
Elvis M., et al., 2009, ApJS, 184, 158
Fazio G. G., et al., 2004, ApJS, 154, 10
Feruglio C., Maiolino R., Piconcelli E., Menci N., Aussel H.,
Lamastra A., Fiore F., 2010, A&A, 518, L155
Fioc M., Rocca-Volmerange B., 1997, A&A, 326, 950
Fischer J., et al., 2010, A&A, 518, L41
Fumagalli M., et al., 2014, ApJ, 796, 35
Gabor J. M., Bournaud F., 2014, MNRAS, 441, 1615
Gebhardt K., et al., 2000, ApJ, 539, L13
Giacconi R., et al., 2002, ApJS, 139, 369
Gilli R., Salvati M., Hasinger G., 2001, A&A, 366, 407
Gilli R., Comastri A., Hasinger G., 2007, A&A, 463, 79
Goulding A. D., et al., 2014, ApJ, 783, 40
Graham A. W., 2007, MNRAS, 379, 711
Graham A. W., Onken C. A., Athanassoula E., Combes F., 2011,
MNRAS, 412, 2211
Grogin N. A., et al., 2011, ApJS, 197, 35
Gu¨ltekin K., et al., 2009, ApJ, 698, 198
Hao L., et al., 2005, AJ, 129, 1783
Heisler C. A., De Robertis M. M., 1999, AJ, 118, 2038
Helou G., Soifer B. T., Rowan-Robinson M., 1985, ApJ, 298, L7
Hickox R. C., et al., 2009, ApJ, 696, 891
Ho L. C., 2005, ApJ, 629, 680
Hopkins P. F., Hernquist L., Cox T. J., Di Matteo T., Robertson
B., Springel V., 2006, ApJS, 163, 1
Juneau S., et al., 2013, ApJ, 764, 176
Karouzos M., et al., 2014, ApJ, 784, 137
Kawinwanichakij L., et al., 2014, ApJ, 792, 103
Kim M., Ho L. C., Im M., 2006, ApJ, 642, 702
Koekemoer A. M., et al., 2011, ApJS, 197, 36
Kormendy J., Richstone D., 1995, ARA&A, 33, 581
Kriek M., Van Dokkum P. G., Labbe´ I., Franx M., Illingworth
G. D., Marchesini D., Quadri R. F., 2009, ApJ, 700, 221
Labbe´ I., et al., 2005, ApJ, 624, L81
Labbe´ I., Bouwens R., Illingworth G. D., Franx M., 2006, ApJ,
649, L67
Lacy M., Petric A. O., Sajina A., Canalizo G., Storrie-Lombardi
L. J., Armus L., Fadda D., Marleau F. R., 2006, AJ, 133, 186
Lawrence A., et al., 2007, MNRAS, 379, 1599
Lira P., Ward M., Zezas A., Alonso-Herrero A., Ueno S., 2002,
MNRAS, 330, 259
Lutz D., et al., 2011, A&A, 532, A90
MacDonald C. J., Bernstein G., 2010, PASP, 122, 485
Magorrian J., et al., 1998, AJ, 115, 2285
Maraston C., 2005, MNRAS, 362, 799
Marconi A., Hunt L. K., 2003, The Astrophysical Journal Letters,
589, L21
Matthews T. A., Morgan W. W., Schmidt M., 1964, ApJ, 140, 35
Messias H., Afonso J., Salvato M., Mobasher B., Hopkins A. M.,
2012, ApJ, 754, 120
Miller N. A., et al., 2013, ApJS, 205, 13
Moran E. C., Lehnert M. D., Helfand D. J., 1999, ApJ, 526, 649
Moric´ I., Smolcˇic´ V., Kimball A., Riechers D. A., Ivezic´ Zˇ., Scoville
N., 2010, ApJ, 724, 779
MNRAS 000, 1–16 (2015)
14 M. J. Cowley et al.
Mullaney J. R., et al., 2011, MNRAS, 419, 95
Mullaney J. R., et al., 2015, MNRAS, 453, L83
Nesvadba N. P. H., Lehnert M. D., Eisenhauer F., Gilbert A.,
Tecza M., Abuter R., 2006, ApJ, 650, 693
Netzer H., et al., 2007, ApJ, 666, 806
Neugebauer G., Oke J. B., Becklin E. E., Matthews K., 1979,
ApJ, 230, 79
Noeske K. G., et al., 2007, ApJ, 660, L47
Norris R. P., et al., 2006, AJ, 132, 2409
Papovich C., et al., 2015, ApJ, 803, 26
Persson S. E., et al., 2013, PASP, 125, 654
Polletta M., et al., 2007, ApJ, 663, 81
Pope A., et al., 2013, ApJ, 772, 92
Rees G. A., et al., 2015, arxiv.org, p. 1988
Roos O., Juneau S., Bournaud F., Gabor J. M., 2015, ApJ, 800,
19
Rosario D. J., et al., 2012, A&A, 545, A45
Rosario D. J., et al., 2014, A&A, 573, A85
Rovilos E., et al., 2014, MNRAS, 438, 494
Salim S., et al., 2007, ApJS, 173, 267
Sanders D. B., Soifer B. T., Elias J. H., Madore B. F., Matthews
K., Neugebauer G., Scoville N. Z., 1988, ApJ, 325, 74
Sanders D. B., Phinney E. S., Neugebauer G., Soifer B. T.,
Matthews K., 1989, ApJ, 347, 29
Sani E., Marconi A., Hunt L. K., Risaliti G., 2011, MNRAS, 413,
1479
Santini P., et al., 2012, A&A, 540, A109
Schawinski K., et al., 2010, ApJ, 711, 284
Schinnerer E., et al., 2010, ApJS, 188, 384
Schmidt M., 1963, Nature, 197, 1040
Schmidt M., Matthews T. A., 1964, ApJ, 139, 781
Scoville N., et al., 2007, ApJS, 172, 1
Silk J., Norman C., 2009, ApJ, 700, 262
Silk J., Rees M. J., 1998, A&A, 331, L1
Silverman J. D., et al., 2009, ApJ, 696, 396
Simpson C., et al., 2006, MNRAS, 372, 741
Skelton R. E., et al., 2014, ApJS, 214, 24
Spitler L. R., et al., 2012, The Astrophysical Journal Letters, 748,
L21
Spitler L. R., et al., 2014, The Astrophysical Journal Letters, 787,
L36
Stern D., et al., 2005, ApJ, 631, 163
Szokoly G. P., et al., 2004, ApJS, 155, 271
Tomczak A. R., et al., 2014, ApJ, 783, 85
Tremonti C. A., et al., 2004, ApJ, 613, 898
Ueda Y., et al., 2008, ApJS, 179, 124
Watson M. G., et al., 2001, A&A, 365, L51
Whitaker K. E., et al., 2014, ApJ, 795, 104
Williams R. J., Quadri R. F., Franx M., van Dokkum P., Labbe´
I., 2009, ApJ, 691, 1879
Wuyts S., et al., 2007, ApJ, 655, 51
Wuyts S., Labbe´ I., Schreiber N. M. F., Franx M., Rudnick G.,
Brammer G. B., Van Dokkum P. G., 2008, ApJ, 682, 985
Wuyts S., et al., 2011, ApJ, 738, 106
Xue Y. Q., et al., 2010, ApJ, 720, 368
Xue Y. Q., et al., 2011, ApJS, 195, 10
Zinn P. C., Middelberg E., Norris R. P., Dettmar R. J., 2013,
ApJS, 774, 66
This paper has been typeset from a TEX/LATEX file prepared by
the author.
MNRAS 000, 1–16 (2015)
C
om
parison
of
active
an
d
in
active
galaxies
in
Z
F
O
U
R
G
E
15
Table 4. ZFOURGE AGN Catalogue
ID1 RA-J20002 Dec-J20003 zphot4 Ksmag 5 UVJ6 log(M∗)7 log(LUV)8 log(LIR)9 log(Lx)10 log(L1.4GHz)11 IR-AGN12 X-AGN13 Rad-AGN14
1 150.16916 2.23389 1.233 21.6 2 10.00 10.18 11.44 . . . . . . 1 0 0
2 53.10012 -27.84268 1.361 22.6 2 9.58 10.02 11.49 . . . . . . 1 0 0
3 34.39777 -5.14525 1.479 21.6 3 10.77 10.15 11.82 43.77 . . . 0 1 0
4 150.04601 2.20114 0.922 21.8 2 10.71 11.43 12.57 44.42 . . . 0 1 0
5 53.08038 -27.87200 1.102 21.1 1 10.81 9.45 10.41 . . . 23.19 0 0 1
6 34.35164 -5.21450 0.906 20.1 1 11.14 9.78 11.02 . . . 25.10 0 0 1
7 150.13306 2.30325 1.712 21.3 3 11.44 10.50 12.53 44.96 . . . 1 1 0
8 150.06372 2.21119 1.486 21.5 3 10.75 9.58 12.34 . . . 24.43 1 0 1
9 53.05886 -27.81949 2.050 23.3 3 9.80 10.34 11.67 42.14 24.13 0 1 1
10 150.16180 2.33236 1.256 21.4 3 10.52 9.88 11.39 43.73 23.68 1 1 1
Notes: This table is available in its entirety in a machine-readable form on the journal and ZFOURGE website: http://zfourge.tamu.edu. A portion is shown here for
guidance regarding its form and content.
Column 1: source ID number. Columns 2 and 3: J2000 RA and declination of the Ks-band selected hosts, respectively. Column 4: photometric redshift. Column 5:
Ks-band magnitude (AB). Column 6: UVJ criteria, where quiescent = 1, star-forming = 2 and dusty star-forming = 3. Column 7: host stellar mass (M) Column 8: integrated
1216-3000A˚ rest-frame UV luminosity (L). Column 9: integrated 8 − 1000µm rest-frame IR luminosity (L). Column 10: 0.5-8 keV rest-frame luminosity (erg s−1). Column
11: 1.4GHz rest-frame luminosity (W Hz−1). Columns 12-14: IR, X-ray and radio AGN flags, respectively, where AGN = 1, else = 0.
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